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We present a new calculation of next-to-leading order QCD corrections to electroweak top-quark pair
hadroproduction in extensions of the Standard Model (SM) with extra heavy neutral and charged spin-1
resonances which considerably extends and improves an earlier calculation performed by some of us. In
particular, we allow for flavor-non-diagonal Z0 couplings and take into account nonresonant production in
the SM and beyond including the contributions with t-channelW and W0 bosons. As a result, models with a
more complicated flavor structure which have been proposed to explain the flavor anomalies in B decays can
now be accommodated in our code. Moreover, the new t-channel contributions lead to improved cross
sections predictions at higher energies beyond the LHC reach. All amplitudes are generated using the
RECOLA2 package. As in our previous work, we include next-to-leading order QCD corrections and
consistently match to parton showers with the POWHEG method fully taking into account the interference
effects between the SM and new physics amplitudes. We consider the sequential StandardModel, the topcolor
model, as well as the third family hypercharge model featuring non-flavor-diagonal Z0 couplings and present
numerical results for tt̄ cross sections at hadron colliders with a center-of-mass energy up to 100 TeV.
DOI: 10.1103/PhysRevD.103.115026
I. INTRODUCTION
The Standard Model (SM) of particle physics, based on
an SUð3ÞC × SUð2ÞL × Uð1ÞY gauge symmetry, is an
extremely successful theory that accounts for a wide range
of experimental measurements at both the intensity and
energy frontiers. Nevertheless, it is widely believed to be
incomplete for different reasons. On the observational side,
the SM does not include gravity, it does not provide a
candidate for a cold dark matter particle, the CP-violating
phase of the SM CKM (Cabibbo-Kobayashi-Maskawa)
matrix is not sufficient to explain the matter-antimatter
asymmetry observed in the Universe, and massive neu-
trinos are, a priori, not accounted for in the SM. In
addition, the SM and in particular its scalar sector suffer
from a variety of naturalness problems raising the questions
why CP violation in the strong interaction is absent or at
least strongly suppressed and why the Higgs boson mass is
stable under quantum corrections. On the aesthetical side, it
is not clear why the SM gauge group is a direct product of
three independent symmetry factors, why there are three
generations of fermions, why their masses span several
orders of magnitude, and what gives rise to the complicated
pattern in the CKM and Pontecorvo-Maki-Nakagawa-
Sakata mixing matrices. The general expectation has there-
fore been for a long time that close to the electroweak scale
new physics beyond the SM should be present, which
allows one to at least partially understand the structure of
the SM and avoid fine-tuning its 26 free parameters.
Despite the fact that no signals of new physics have been
found in the first two runs of the Large Hadron Collider
(LHC) at CERN, there are still high hopes that new
particles will show up in the future high-luminosity runs
of the LHC. It is also clear that such signals will likely
appear as small deviations from the SM predictions, which
makes precision calculations of both the SM background
and the new physics signals increasingly important.
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electrically charged or neutral spin-one resonances, usually
denoted by W0 and Z0, respectively. Such resonances are
predicted by several well-motivated extensions of the SM,
e.g., grand unified theories, theories with a new strong
interaction at the TeV scale, or models with large extra
dimensions, and are extensively sought after by three of the
experimental collaborations (ATLAS, CMS and LHCb) at
the LHC. In this respect it is noteworthy that Z0 models with
a nonuniversal flavor structure [1–4], where the Z0 couples
differently to the fermions of the three SM families, are
viable candidates to explain the current B-flavor anomalies
[5–14].
In many cases, the strongest constraints on the parameter
space of models with Z0 and W0 resonances come from
searches with dilepton final states [15,16]. In this case,
precise predictions at next-to-leading order (NLO) of QCD
including the resummation of soft gluon terms at next-to-
leading logarithmic accuracy can be obtained with the
RESUMMINO code [17,18], which has been used previously
to derive limits on Z0 andW0 masses using data for dilepton
final states [19,20] and to provide predictions for the high-
energy/high-luminosity options of the LHC [21]. However,
top-quark observables are also very interesting since the
third generation plays a prominent role in the SM due to the
large Yukawa coupling of the top quark. Therefore, it is
quite conceivable that new gauge bosons, similarly to the
Higgs boson, couple predominantly to the top quark [22].
In 2015, some of us performed a calculation of next-to-
leading order QCD corrections to the electroweak (EW) tt̄
production in the presence of a Z0 resonance [23]. The
calculation properly accounted for the interference between
SMand new physics amplitudes in a semiautomated fashion.
It was implemented in the POWHEG BOX framework [24–26],
that allows for a consistent matching of the fixed NLO
calculationwith Parton shower (PS)MonteCarlo generators.
The NLOþ PS results obtained with this tool, dubbed PBZP,
are useful since they bridge the gap between first-principles
higher-order calculations and the complex detector signa-
tures and data of the experimental community. The PBZP code
is therefore regularly used in Z0 searches by the ATLAS and
CMS collaborations [27–33].
In this article, we present a new calculation of NLOQCD
corrections to electroweak top-quark pair hadroproduction
in extensions of the Standard Model with extra heavy
neutral and charged spin-1 resonances which considerably
extends and improves an earlier calculation performed by
some of us which was implemented in the code PBZP.
(i) The amplitudes have been calculated using the RECOLA2
package [34]. This package has been designed to automate
the calculations of amplitudes in theories beyond the SM
including QCD and electroweak corrections at NLO. Our
calculation is one of the first to use and validate this tool for
a BSM (beyond the Standard Model) calculation.
Implementing the amplitudes obtained with RECOLA2 into
Monte Carlo event generators, here within the POWHEG BOX
framework is an important aspect since it makes the tool
more useful for the LHC experiments. (ii) The new code
can now deal with a more general flavor structure of the
couplings of the new heavy resonances to the Standard
Model fermions which considerably increases the difficulty
of the calculation due to its much larger complexity and the
level of technical sophistication. As a result of this effort, Z0
models which have been proposed in the literature to
explain the B-flavor anomalies can now be implemented
in our code. (iii) Another new feature is that the calculation
now includes t-channel W and W0 contributions. We study
their importance numerically as a function of both the new
gauge boson mass and the collider energy and propose
useful kinematic cuts to disentangle the different contri-
butions. As we will show, including the t-channel con-
tributions leads to improved cross section predictions at
higher energies beyond the LHC reach. (iv) As before, all
interference terms are fully taken into account, and the
photon induced channels for the SM are included, properly
matched within POWHEG. As discussed in Ref. [23] the
latter can give a sizable contribution to the cross section.
This work paves the way for a similar calculation of the
NLO QCD corrections to the process pp → W=W0=Z0 →
tb̄ using RECOLA2 for the generation of the amplitudes and
including a proper implementation within the POWHEG BOX
framework.
The remainder of this paper is organized as follows: in
Sec. II we define the production of top-quark pairs at
hadron colliders including new electroweak gauge bosons,
focusing on the perturbative organization of the cross
section and its contributions at leading and next-to-leading
order in the strong and electroweak coupling constants. In
Sec. III we describe our calculation with a focus on the
aspects that differ from our previous calculation in
Ref. [23]. This discussion should be useful for other
RECOLA2-based calculations in the future. Next, in
Sec. IV we summarize the models for which we present
numerical results in Sec. V. In addition to a study of the
effect of cuts we will show results for fiducial cross sections
for a range of heavy resonance masses and different center-
of-mass energies. Here, the purpose is to present the new
features of the PBZP code instead of aiming at exhaustive
phenomenological studies of these models which we leave
for future work. Finally, in Sec. VI we present a summary
and our conclusions.
II. HADROPRODUCTION OF TOP-QUARK PAIRS
The cross section for the hadroproduction of a tt̄ pair,
AB → tt̄X, is given by a convolution of the parton
distribution functions (PDFs) inside the two incoming
hadrons [fa=Aðxa; μFÞ, fb=Bðxb; μFÞ] with the short distance
cross sections [dσ̂ab]:







× dσ̂abðμR; μFÞdxadxb: ð1Þ
Here, μF and μR are the factorization and renormalization
scales, respectively, and a sum over all relevant partonic
channels, ab → tt̄X is performed. This sum depends on
various details like the heavy flavor scheme, the perturba-
tive order and the model. Here we work in a 5-flavor
number scheme (5-FNS) including all relevant contribu-
tions with u, d, s, c, b (anti)quarks, gluons and unless
explicitly stated also photons in the initial state.
Up to next-to-leading order the hard scattering cross
sections have the following perturbative expansion in the
strong (αs) and electroweak (α) coupling constants:
σ̂ ¼ σ̂2;0ðα2SÞ þ σ̂3;0ðα3SÞ þ σ̂2;1ðα2SαÞ þ σ̂0;2ðα2Þ
þ σ̂1;2ðαSα2Þ þ σ̂1;1ðαSαÞ þ σ̂0;3ðα3Þ; ð2Þ
where the numerical indices ði; jÞ in σ̂i;j represent the
powers in αs and α, respectively, and the dependence on the
renormalization and factorization scales and the parton
flavor indices “ab” have been suppressed. We now briefly
describe the different contributions where the terms high-
lighted in bold have been included in our calculation:
(i) σ̂0;2, σ̂1;2. In this paper, we focus on the tree-level
electroweak top-quark pair production, σ̂0;2, and the
NLO QCD corrections to it, σ̂1;2. σ̂0;2 receives
contributions from the s-channel amplitudes qq̄ →
ðZ0; Z; γÞ → tt̄ including the Z0 signal and its inter-
ference with the photon and SM Z boson. Due to the
resonance of the Z0 boson, we expect these terms to
be the most relevant for new physics searches. In
addition, we include new contributions from dia-
grams with nonresonant t-channel exchange of W,
W0 and Z0 bosons that were not considered in
Ref. [23]. Note that, out of these, the first two take
into account CKM mixing and the last one is only
allowed in models with flavor-non-diagonal cou-
plings due to the absence of a top quark PDF in a
5-FNS. A particular advantage of the σ̂0;2 contribu-
tion is that the calculation of higher order QCD
corrections to it, σ̂1;2, can be carried out in a model-
independent way.
(ii) σ̂1;1. We also consider the term σ̂1;1 which receives
contributions from the photon induced subprocess
γg → tt̄ and the previously not considered interfer-
ence of the s-channel QCD and the t-channel
electroweak top-pair production (see below). Note
that the photon induced subprocess is needed for a
consistent treatment of the mass singularities in the
process gq → tt̄q when the t-channel photon is
collinear to the quark q. It turns out that this
contribution is numerically important. However,
we neglect photon-initiated contributions to σ̂0;2
and σ̂1;2.
(iii) σ̂2;0, σ̂3;0. These terms are the contributions from the
SM QCD “background” processes qq̄; gg → tt̄½g,
qg → tt̄q and q̄g → tt̄ q̄ which have been computed
in the late 1980s [35–38]. Furthermore, NLO cal-
culations for heavy quark correlations [39] and tt̄
spin correlations [40,41] are available too. The terms
σ̂2;0 and σ̂3;0 are not affected by the presence of Z0 or
W0 bosons and are readily available in many NLOþ
PS event generators [42–47].
(iv) σ̂2;1. This term represents the electroweak correc-
tions to the QCD backgrounds. Within the SM, a
gauge-invariant subset was first investigated neglect-
ing the interferences between QCD and electroweak
interactions arising from box-diagram topologies
and pure photonic contributions [48] and later also
including additional Higgs boson contributions aris-
ing in two-Higgs-doublet models [49]. The rest of
the electroweak corrections was subsequently calcu-
lated in a series of papers and included also Z-gluon
interference effects and QED corrections with real
and virtual photons [50–54]. In principle, σ̂2;1 would
also receive contributions from new Z0 and W0
resonances. However, these contributions are ex-
pected to give a small correction to σ̂2;1 and since
they are highly model-dependent due to the rich
structure of the scalar sector in many models we do
not include them in our calculation.
(v) σ̂0;3. Finally, the purely electroweak term in Eq. (2)
would also receive contributions from new Z0 and
W0 resonances. It is of order Oðα3Þ and parametri-
cally suppressed compared to the other terms. We
therefore do not include it in our calculation.1
III. NLO QCD CORRECTIONS TO
ELECTROWEAK TOP-PAIR PRODUCTION
In this section, we present our new calculation of the NLO
QCDcorrections to electroweak top quark-pair production in
the presence of heavy Z0 andW0 spin-one resonances where
we put particular emphasis on the changeswith respect to our
previous calculation in Ref. [23].
A. Analysis chain
In [23], the Feynman diagrams were generated using
QGRAF [57] and then translated into amplitudes using
DIANA [58]. The calculation was carried out in the
Feynman gauge in D ¼ 4 − 2ϵ dimensions in order to
regularize the ultraviolet (UV) and infrared divergences
using FORM [59]. The loop integrals were then reduced to a
1Note, however, that despite the parametric suppression they
have been shown to be important in the SM in a region with large
top transverse momentum [55,56].
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basis of three master integrals having well-known solutions
[60]2 using integration-by-parts identities [61,62] in the
form of the Laporta algorithm [63] as implemented in the
public tool REDUZE [64,65]. Traces involving the Dirac
matrix γ5 were treated in the Larin prescription [66] by
replacing γμγ5 ¼ i 13! ϵμνρσγνγργσ. We used the on shell
scheme to subtract the UV divergences. Furthermore, in
order to restore the Ward identities and thus preserve gauge
invariance at one loop, an additional finite renormalization
for vertices involving γ5 was performed. Finally, we
verified analytically that the remaining soft and soft-
collinear divergences cancel in the sum of the real and
virtual contributions, as a consequence of the Kinoshita-
Lee-Nauenberg theorem, explicitly using the Catani-
Seymour subtraction [67].3
We now use the public library RECOLA2 to generate the
amplitudes for the models in Sec. IV. RECOLA2 is an
extension of RECOLA [69] for the computation of tree and
one-loop amplitudes in the Standard Model and beyond. In
RECOLA, one-loop amplitudes are decomposed in terms of
tensor coefficients and tensor integrals, the latter being
model independent and evaluated with the help of the
COLLIER tensor integral library [70]. Thus the model-
dependent part only concerns the tensor coefficients and
rational parts of type R2 [71] that are being constructed with
the help of a RECOLA2 model file in a recursive and
numerical way. The model file used in our study has been
generated using the toolchain FeynRules [72] and REPT1L
[73] and is publicly available.4 RECOLA regularizes ampli-
tudes in dimensional regularization with space-time dimen-
sion D ¼ 4 − 2ϵ, adopting by default the COLLIER
normalization for 1-loop integrals [70]. More precisely,
conventional dimensional regularization is used which
treats all particles and momenta in D dimensions.
Similarly, the Lorentz algebra is upgraded to D-dimensions
with a special treatment of γ5, known as naïve dimensional
regularization [75]. As the treatment of γ5 is delicate in
D ≠ 4 dimensions, it can be formulated as a problem of
determining the correct rational term of type R2 which may
not have a γ5 scheme dependence or would otherwise
prohibit defining (chiral) gauge symmetry of the theory in a
consistent way. In naïve dimensional regularization,
rational terms for amplitudes with closed fermion loops
and external vector bosons are evaluated using a reading
point prescription, giving up on the cyclicity of the trace.
This procedure guarantees that no symmetries of the theory
are being broken, at least to one-loop order. The UV
renormalization is carried out in the complete on shell
scheme for all particles [76]. Since in this work we start
from electroweak production including QCD corrections,
no further renormalization of couplings is required. Finally,
with POWHEG we use the Binoth Les Houches Accord
conventions [77] in which the UV renormalized 1-loop










; CðϵÞ ¼ 4π
Γð1 − ϵÞ : ð3Þ
One final technical point that is noteworthy concerns the
treatment of Goldstone bosons. RECOLA2 performs com-
putations in Feynman gauge that requires, in general, the
inclusion of Goldstone bosons which drop out whenever a
Goldstone boson is attached to a massless quark line.
However, for the processes under consideration and in the
presence of flavor mixing this is no longer the case. For this
reason we include Goldstone bosons associated to W0 and
Z0 that mimic the interaction of the SM Goldstone bosons
in such a way that the amplitudes are equivalent to a
computation in unitary gauge.
B. Parton level processes
In the following, we will describe the amplitudes
contributing to σ̂1;1, σ̂0;2 and σ̂1;2 in more detail. As already
mentioned, we work in a 5-FNS including all relevant
contributions with massless u, d, s, c, b (anti)quarks,
gluons and photons in the initial state. Furthermore, we
allow for a completely general flavor structure for the
couplings of the Z0 and W0 bosons to the Standard Model
fermions.
1. Leading-order contributions
The Born amplitudes A0;1 contributing to the electro-
weak top-pair production cross section σ̂0;2 ∼ jA0;1j2 are
shown in Fig. 1.
Figure 1(a) depicts in a compact form the contribution
with an s-channel vector boson V1 which can be a photon,
a SM Z boson, or a new heavy Z0 boson. In the previous
version of PBZP we allowed only for flavor-diagonal Z0
couplings with q0 ¼ q ∈ fu; d; s; c; bg. In this calculation
we include contributions with flavor-changing couplings
of the Z0 boson to the quarks in the initial state
(q0q̄ ∈ fuū; cū; dd̄; sd̄; bd̄; ds̄; ss̄; bs̄; uc̄; cc̄; db̄; sb̄; bb̄g).
Note that the corresponding amplitudes with a charge-
conjugated initial state are not shown. In the new calcu-
lation, we now also take into account the t-channel
diagrams in Fig. 1(b) where the exchange boson V2 can
be a W, W0 or Z0 boson. Needless to say that those
amplitudes in Figs. 1(a) and 1(b) having the same initial
(and final) states are added coherently.
2These integrals are the massive tadpole, the equal-masses
two-point function and the massless two-point function.
3Note, however, that the actual treatment of the soft and collinear
divergences in PBZP was (and still is) done numerically within
POWHEG using the Frixione-Kunszt-Signer subtraction [68].
4The model file can be found on the official website [74] under
model files. 5This requires calling SET_DELTA_IR_RCL(0, π2=6) in RECOLA.
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As was discussed in [23], the diagrams in Fig. 1(a) have
zero interference with the QCD amplitude qq̄ → g → tt̄
since such interference terms are proportional to the
vanishing color trace TrðTaÞ. On the other hand, the
t-channel diagrams in Fig. 1(b) with q0 ¼ q do interfere
with the QCD amplitude qq̄ → g → tt̄. Thus they con-
tribute to σ̂1;1 and we take them into account.
2. One-loop virtual corrections
In Fig. 2 we show the one-loop QCD corrections, A1;1, to
the diagrams in Fig. 1. They contribute to the electroweak
top-pair production at Oðαsα2Þ due to the interference of
these diagrams with the Born amplitudes in Fig. 1: σ̂V1;2∼
2ℜ½A0;1A1;1.
Note again, that there is no interference of the diagrams
in Figs. 2(a) and 2(b) with the Born level QCD amplitude
qq̄ → g → tt̄, whereas the diagrams in Figs. 2(c) and 2(d)
will interfere with it contributing to σ̂2;1. As discussed in
Sec. II, we do not consider the effect of heavy new
resonances on σ̂2;1 in this work.
In our recalculation we define the virtual corrections as
the set of diagrams with no vector bosons inside the loops,
effectively treating them as background fields in RECOLA2
[73,79]. The resulting QCD loop corrections constitute a
gauge-invariant subset which can be seen by realizing that
if either of the quark lines is replaced by an auxiliary non-
color-charged conserved current (e.g., a lepton-lepton
vector interaction), the so-defined virtual corrections re-
present not only the full QCD corrections and are thus
gauge-independent, but, moreover, they do not depend on
the specific form of the auxiliary conserved current.
Therefore, the statement holds true for the EW production
if one vetoes diagrams with a gluon exchange between the
two different quark lines, i.e., excluding box corrections. In
summary, we therefore include diagrams such as Figs. 2(c)
and 2(d), but we omit the diagrams in Figs. 2(e)–2(h). In
principle one could compute all corrections, but the
renormalization of the amplitudes in Figs. 2(g) and 2(h)
requires one to account for quark mixing self-energy
diagrams with transitions between different flavors due
toW,W0 or Z0 bosons in the loop. Such quark mixing in the
renormalization is currently not implemented in RECOLA2/
REPT1L. In the limit of a diagonal CKM matrix and
including only diagonal W0 and Z0 couplings, we inves-
tigated in our calculation the impact of the diagrams in
Figs. 2(e)–2(h) and it turns out that, in this case, their
contribution is negligibly small. Since any deviation from
this “diagonal” setup is additionally suppressed by the
small off-diagonal couplings we expect the contributions
from Figs. 2(e)–2(h) to also remain negligible in this
general “non12diagonal” case.
3. Real emission corrections
The following 2 → 3 tree-level amplitudes, A1=2;1, con-
tribute to electroweak top-pair production at Oðαsα2Þ:
(i) q0q̄ → tt̄g (and the charge conjugated process) and
(ii) gq → tt̄q0 (and the charge conjugated process). The
corresponding Feynman diagrams are shown in Figs. 3
and 4.
(a) (b)
FIG. 1. Born amplitudes A0;1 contributing to the electroweak
top-pair production cross section σ̂0;2. (a) s-channel contribution
where V1 ∈ fγ; Z; Z0g and q; q0 ∈ fu; d; s; c; bg. In the case of Z0
exchange we allow for flavor-changing amplitudes with q0 ≠ q
and we do not show the corresponding amplitudes with a charge-
conjugated initial state. (b) t-channel contributions where
V2 ∈ fW;W0; Z0g. All allowed amplitudes with the same initial







FIG. 2. One-loop QCD corrections, A1;1, to the diagrams in
Fig. 1. As before, V1 ∈ fγ; Z; Z0g, V2 ∈ fW;W0; Z0g and V ¼
V1 ∪ V2 denotes the union of V1 and V2.
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For comparison, the real emission diagrams in Figs. 4
and 5 in our previous calculation [23] are a (small) subset of
the diagrams depicted in Figs. 3 and 4 in a rather compact
manner.
The q0q̄ subprocesses in Fig. 3 contain soft and collinear
divergences which cancel in the sum of real and virtual
cross sections as a consequence of the Kinoshita-Lee-
Nauenberg theorem. As already mentioned, within
POWHEG they are treated using the Frixione-Kunszt-
Signer subtraction [68]. Collinear divergences are present
in Figs. 3(a), 3(b), 3(e) and 3(f). On the other hand,
collinear gluon emission from a top quark line leads to a
finite logarithm of the top quark mass which we keep in σ̂
in fixed order perturbation theory. The gq and gq̄ channels
can only have collinear singularities. While the diagrams in
Figs. 4(a), 4(e), 4(f) and 4(h) are completely finite, the other
diagrams in Fig. 4 contain configurations where a light
quark propagator [(b),(g)] or a photon propagator [(c),(d)]
can be close to its mass shell. As already discussed in [23],
the fact that the collinear divergences appearing in Figs. 4(c)
and 4(d) involve a photon propagator has two consequences:
(i) we have to introduce a PDF for the photon inside the
proton, and (ii) the corresponding underlying Born process
shown in Fig. 5, gγ → tt̄, must be included in the calculation.
C. Validation
All the amplitudes with a Z0 and W0 obtained with
RECOLA2 have been carefully checked to reproduce the SM
limit, where we can rely on the correctness of RECOLA2
having been validated against many different tools such
as OPENLOOPS2 [80] and MadGraph5_aMC@NLO [46].















FIG. 3. Diagrams contributing to the q0q̄ → tt̄g subprocesses at
order Oðαsα2Þ. As in Fig. 1, V1 ∈ fγ; Z; Z0g, V2 ∈ fW;W0; Z0g
and q; q0 ∈ fu; d; s; c; bg. All allowed amplitudes with the same
initial (and final) state are added coherently.
FIG. 5. Photon-induced top-pair production of OðαSαÞ.
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with RECOLA2 have been validated at the amplitude level
and at the cross section level (after implementing them in
POWHEG BOX) at LO and at NLO against our old calcu-
lation. The POWHEG BOX automatically performs consis-
tency checks on the soft and collinear structure of the
amplitudes. In addition, we verified analytically the can-
cellation of soft-real and soft-virtual divergences of our
amplitudes.
IV. MODELS
With the intention of presenting the different aspects of
the new calculation we introduce three different models.
A. Sequential Standard Model
The sequential StandardModel (SSM) [81] is a toy model
which copies the weak interactions of quarks and leptons by
heavier versions W0 and Z0 of the W and Z boson,
respectively. The only free parameters in this model are
the masses of the new heavy gauge bosons. Due to its
simplicity and convenience it is a widely used benchmark
model in which LHC data are analyzed. The most stringent
limits on W0 and Z0 masses in this model are derived from
searches with dilepton final states. Assuming ΓZ0=mZ0 ¼
3%, a mass below 5.1 TeV is excluded by the ATLAS Z0




p ¼ 13 TeV and 139 fb−1 integrated luminosity (see
Fig. 3 and Table 3 of [82]). The CMS search for a narrow
resonance in high mass dilepton final states using data from
LHC run II at
ffiffiffi
S
p ¼ 13 TeV with 140 fb−1 integrated
luminosity leads to a lower mass limit of mZ0 ≥ 5.15 TeV
assuming a signal widthΓZ0=mZ0 ¼ 3% (see Table 4 of [83]).
ForW0 gauge bosons in the SSM, masses below 6.0 TeVare
excluded by the ATLASW0 search with charged lepton plus
missing transverse momentum final states using data from
LHC run II with
ffiffiffi
S
p ¼ 13 TeV and an integrated luminosity
of 139 fb−1 [84], where ΓW0=mW0 varies between 2.7% at
m0W ¼ 150 GeV and 3.5% above the tb̄ threshold. The CMS
W0 search usingLHC run II data from2016 (not the complete
run II dataset) at35.9 fb−1 integrated luminosity set the lower
limit on the mass of W0 to 5.2 TeV [85].
B. Topcolor model
The topcolor (TC) model [86,87] can generate a large
top-quark mass through the formation of a top-quark
condensate. This is achieved by introducing a second
strong SU(3) gauge group which couples preferentially
to the third generation, while the original SU(3) gauge
group couples only to the first and second generations. To
block the formation of a bottom-quark condensate, a new
U(1) gauge group and associated Z0 boson are introduced.
Different couplings of the Z0 boson to the three fermion
generations then define different variants of the model [88].
A popular choice with the LHC collaborations is the
leptophobic TC model (also called Model IV in the
reference cited above) [89], where the Z0 couples only to
the first and third generations of quarks and has no
significant couplings to leptons. This particular choice
has three parameters: the ratio of the two U(1) coupling
constants, cot θH, which should be large to enhance the
condensation of top quarks, but not bottom quarks, as well
as the relative strengths f1 and f2 of the couplings of right-
handed up- and down-type quarks with respect to those of
the left-handed quarks. This model is excluded by the
ATLAS search for tt̄ resonances in fully hadronic final
states in pp collisions at
ffiffiffi
S
p ¼ 13 TeV and an integrated
luminosity of 139 fb−1 for Z0 masses below 3.9 and




p ¼ 13 TeV and with an integrated luminosity
of 35.9 fb−1, the CMS search for resonant tt̄ production in
proton-proton collisions excludes masses up to 3.80, 5.25
and 6.65 TeV for Z0 decay widths of 1, 10 and 30%,
respectively [91].
C. Third family hypercharge model
The third family hypercharge model (TFHM) [1] is a
minimal extension of the SM by an anomaly-free, sponta-
neously broken Uð1ÞF gauge symmetry. Apart from the
new gauge boson (X) and a SM singlet, complex scalar
field (ΘðxÞ), needed for the spontaneous symmetry break-
ing of the Uð1ÞF symmetry, no new particles are intro-
duced. The model has flavor-dependent couplings designed
to explain various measurements of B meson decays (Rð⋆ÞK
[5,92], BRðBs → μþμ−Þ [8–11], angular distributions in
B → Kð⋆Þμþμ− decays [6,7,93,94]) which are currently in
tension with SM predictions. In addition, it provides an
explanation of the heaviness of the third generation of SM
particles and the smallness of the quark mixing. An update
of the allowed parameter space (post Moriond 2019) can be
found in Ref. [95]. Recently, the TFHM has been slightly
modified to make it more natural in the charged lepton
sector [2]. In the following we will use the original
TFHMEG (Third Family Hypercharge Model example
case) model from Ref. [1]. The collider phenomenology
of the TFHMEG has also been studied in [96]. This model
has three free parameters, the extra U(1) coupling, gF, the
angle controlling the mixing of the second and third family
quarks, θsb and the Z0 boson mass. The width of Z0 in the
TFHMEG is ΓZ0 ¼ 5g
2
FmZ0
36π . The Z
0 couplings to the quarks

















where all quark fields are in the mass eigenbasis and uL ¼
ðuL; cL; tLÞT and dL ¼ ðdL; sL; bLÞT . The matrix ΛðdLÞ can
be found in Eq. (2.16) of Ref. [1]. It depends on θsb:












Moreover, ΛðuLÞ ¼ VΛðdLÞV†, where V is the CKM matrix.
V. NUMERICAL RESULTS
The experimental searches for tt̄ resonances by the
ATLAS [27–29] and CMS [30–33] collaborations typically
proceed as follows. After modeling the background for the
reconstructed tt̄ invariant mass distributions using data or
simulations the statistical interpretation of the data is
performed using two methods: (i) model-independent
searches for deviations from the reconstructed invariant
mass distribution (“bump hunting”) and (ii) hypothesis
testing for specific BSM model scenarios. In the latter case,
a point in the parameter space of the model is chosen
including the mass of the new hypothetical resonance, the
signal is computed, and the likelihood of the “signal +
background” hypothesis is computed.
It is in the spirit of the second approach, hypothesis
testing,6 that we now use our next-to-leading order calcu-
lation to obtain predictions for top-quark–pair production
for the three models introduced in the preceding section:
the sequential Standard Model, the topcolor model, and the
third family hypercharge model. Here, our goal is not an
exhaustive study of the collider phenomenology for each of
these models scanning over the entire allowed parameter
space, but rather to exemplify our calculation by showing
results for a number of benchmark points. We will present
results for the LHC at
ffiffiffi
S
p ¼ 14 TeV but also for pp
collisions at higher center-of-mass energies.
We will first discuss the general setup of our calculations
and event selection in Secs. VA and V B before showing
predictions for fiducial cross sections and NLO K factors in
Sec. V C. The impact of the newly included contributions is
discussed in Sec. V D, and finally the impact of the
interference of the BSM signal and the SM background
is studied in Sec. V E.
A. Setup and input
The theoretical description of our calculation and of the
models we consider here can be found in the preceding
sections. Here we describe the additional input required for
the numerical computations for which the results are
presented in the next few sections. This general setup
and the input parameters are used by default if not stated
otherwise.
We employ a top quark pole mass mt ¼ 172.5 GeV.
Furthermore, the masses and widths of the weak gauge
bosons are given by mZ ¼ 91.1876 GeV, ΓZ ¼
2.4952 GeV, mW ¼ 80.385 GeV and ΓW ¼ 2.085 GeV
[97]. The weak mixing angle is fixed by sin2 θW ¼ 1 −
m2W=m
2
Z ¼ 0.222897 and the fine-structure constant is set to
αð2mtÞ ¼ 1=126.89.We neglect the running of this coupling
to higher scales.We consider quarkmixing between all three
families and use a unitary CKM matrix constructed using
Wolfenstein parameters as in Ref. [98].
For the proton parton distribution functions (PDFs), we
use the NLO lux QED set of NNPDF3.1 [99–101] as
implemented in the LHAPDF library (ID ¼ 324900)
[102,103]. This set provides, in addition to the gluon
and quark PDFs, a precise determination of the photon
PDF inside the proton which we need for our cross section
predictions. The running strong coupling αsðμRÞ is evalu-
ated at NLO in the MS scheme and is provided together
with the PDF set.7
For our numerical predictions in the following sections,
we choose equal values for the factorization and renorm-
alization scales, μF and μR, respectively, which we identify





Additionally we vary μF and μR by independently multi-
plying the scales by factors of ξR; ξF ∈ f0.5; 1; 2g discard-
ing combinations with ξF=ξR ¼ 4 or 1=4. We combine such
seven-point variations into an uncertainty band by taking
the envelope of all the predictions.
We present ðNÞLOþ PS predictions for a pp collider




∈ f14; 27; 50; 100g TeV. We
consider the SSM, TC and TFHMmodels and a range of Z0
massesmZ0 ∈ ½2; 8 TeV. In the SSMwe set the mass ofW0
equal to the mass of Z0 and its mixing matrix to that of the
SM W. The widths of Z0 and W0 bosons must then be
ΓZ0=mZ0 ¼ 3%, ΓW0=mW0 ¼ 3.3%. The parameters of the
TC model are chosen as follows: we set f1 ¼ 1 and f2 ¼ 0
and calculate cot θH such that ΓZ0=mZ0 ¼ 3.1–3.2%. In the
TFHM we set θsb ¼ 0.095, gF=m0Z ¼ 0.265 where mZ0 is
given in TeV which implies ΓZ0=mZ0 ¼ f0.012; 0.028;
0.050; 0.078; 0.112; 0.152; 0.199g
for m0Z ¼ f2; 3; 4; 5; 6; 7; 8g TeV.8
B. Event generation and cuts
We generate events in the Les Houches Event format
[104] using POWHEG BOX with stable on-shell top quarks
and require the underlying Born kinematics to satisfy a cut
on the tt̄ invariant mass mtt̄ ≥ 0.75mZ0 , in order to enhance
the signal over background ratio. We then decay both top
quarks leptonically and shower the events using PYTHIA
8.244 [105]. The branching ratio of the leptonic top decay of
10.5% [98] squared is applied, unless stated otherwise.
6It should also be noted that model-independent searches are
no longer possible once the interference between the SM and the
new physics is properly taken into account as we do in this paper
since a separation into “background” and “signal” is no longer
well defined.
7Its value is fixed by the condition αsðmZÞ ¼ 0.118.
8This benchmark point was selected from Fig. 1 in [95].
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Note that the PYTHIA decays wash out any spin correlations.
We use POWHEGHOOKS to veto shower emissions harder
than the POWHEG emission and disable QED showers.
We perform further event selection and bin in histograms
on-the-fly using RIVET [106,107]. Events are required to have
two or more charged leptons, two or more neutrinos and two
or more anti-kT [108] R ¼ 0.5 jets each containing at least
one b parton. All these objects have to fulfil the acceptance
cutspT > 25 GeV and jyj < 2.5.9 Furthermore, we combine
charged leptons and neutrinos into W bosons based on their
Monte Carlo truth PDG id and require each event to feature at
least one such Wþ and one such W− boson.
It is instructive to have a closer look at the size of the
various leading order contributions to the EW top-pair
production considered in this study, and the effects that the
invariant mass and the (pseudo)fiducial cuts have on them.
To that effect in Table I, we show integrated cross sections
in femtobarn for the center-of-mass energy
ffiffiffi
S
p ¼ 14 TeV
and the Z0 boson mass,mZ0 , set to 5 TeV with no cuts in the
first column. The cross sections after the invariant mass cut
are shown in the second column and after both invariant
mass and (pseudo)fiducial cuts in the third column. Note
the branching ratio of two leptonic top decays has been
stripped from these predictions. We do this because the
ratio of the first two columns does not depend on the decay
channel and we expect the (pseudo)fiducial cuts, in this
study designed for the dileptonic channel, to have a similar
impact in all the other decay channels. All the contributions
in the table are obtained by multiplying an amplitude by its
complex conjugate except for qq̄ → g=W → tt̄, which is
calculated as Mðqq̄ → W → tt̄ÞMðqq̄ → g → tt̄Þ þ c:c:.
The contributions in rows 2 and 6 also contain the
interference terms with the contributions in rows 4 and
5, respectively (indicated by “+interf.”).
First we observe that the various SM contributions (rows
1–4) are of similar size, with the resonant production being
the smallest. This must be because the Z boson resonance is
below the 2mt threshold. Furthermore we notice that the
“interference term” in the third row is negative, which is not
surprising. The invariant mass cut, see the second column,
reduces all the SM contributions by roughly 5 orders of
magnitude, except for the “interference term,” which is
reduced even more, by about 7 orders of magnitude.10 The
effect of the (pseudo)fiducial cut in the third column is
expressed in terms of percentage relative to the second
column. It has roughly the same impact on all the SM
contributions, except for the nonresonant W boson pro-
duction in the second row, in which the bulk of the cross
section is in the forward regions outside the acceptance.
After both cuts are applied the first two largest contribu-
tions are the photon induced and the resonant tt̄ produc-
tions, both of which were already included in our previous
calculation [23].
By design the invariant mass cut has quite a different
impact on the resonant Z0 production and reduces it only
gently, by a factor less than two. As expected the (pseudo)
fiducial cut behaves nearly the same for SM and BSM
resonant productions. After both cuts are applied the Z0
contribution is by far the dominant one. The cuts we
designed for this study are thus more than adequate for
selecting SSM Z0 → tt̄ production with mZ0 ¼ 5 TeV at affiffiffi
S
p ¼ 14 TeV LHC.
The nonresonant W0 production is about two orders of
magnitude smaller than the resonant one. Moreover we
would expect the invariant mass and (pseudo)fiducial cuts
to reduce it considerably similarly to the nonresonant W




14 TeV is thus negligible.11 Note that this may not be the
case anymore at higher collider energies.
C. Fiducial cross sections and NLO K factors
On the upper panels of Fig. 6 we show fiducial NLOþ
PS cross sections for the SSM, TFHM and the TC model
TABLE I. Total cross sections in LO for top-pair production atOðαsαÞ andOðα2Þ in the SM and SSM at
ffiffiffi
S
p ¼ 14 TeV. The Z0-boson
mass is set to 5 TeV. For all the predictions in this table we use NLO αS and NLO PDFs. The cross sections forOðα2sÞ top-pair production
evaluated in a similar setup can be found in Table 1 of Ref. [23].
Contribution No cuts [fb] mtt̄ cut [fb] mtt̄ (pseudo)Fiducial cuts [%]
γgþ gγ → tt̄, OðααsÞ 3700 0.0327 41.6
qq̄0 → W → tt̄ Oðα2Þ þ interf: 3220 0.0573 3.7
qq̄ → g=W → tt̄, OðααsÞ −1680 0.000703 37.4
qq̄ → γ=Z → tt̄, Oðα2Þ 510 0.00614 74.9
qq̄ → Z0 → tt̄, Oðα2Þ 0.210 0.114 77.4
qq̄0 → W0 → tt̄, Oðα2Þ þ interf: 0.0025 … …
9Cuts on individual momenta of neutrinos are not realistic;
however we verified that replacing these cuts by a cut on the total
missing transverse momentum instead, pT > 30 GeV, only has a
minor impact on K factors and ratios of predictions.
10The invariant mass cut is a generation cut, so one does
not need to worry about the numerical precision in samples
without it.
11At the moment, this contribution cannot be calculated
independently of the Z0 contribution. Because it is much smaller
it would require an extremely precise prediction for the Z0
contribution. Thus we do not report the numbers after cuts.
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p ¼ 14 TeV (left) and versus the center-of-mass
energy for fixed mass mZ0 ¼ 3 TeV (right). In the SSM the
W0 boson mass is always set equal to mZ0 . For comparison
we also include the results for the SM12 (gray, dashed line).
The event generation setup, the invariant mass and the
(pseudo)fiducial cuts are as described above. In all cases,





. The former is also true for the SM in which
the cross section only depends on mZ0 indirectly through
the invariant mass cut.
The invariant mass cut adequately suppresses the SM
background relative to the BSM signal in the SSM and in the
TC model. The prediction for the TFHM model, however,
can barely be distinguished from the SM background
throughout the whole mass range at
ffiffiffi
S
p ¼ 14 TeV. It
only becomes appreciably larger than the SM at higher
energies, where its ratio over the SM is roughly 1.13 atffiffiffi
S
p ¼ 100 TeV.Adopting a tighter invariantmass cutwould
be advised for the TFHM, for example mZ0 − ΓZ0 < mtt̄ <
mZ0 þ ΓZ0 .
The NLOþ PS over LOþ PS K factors, shown on the
lower panels of Fig. 6, are moderate to large and grow with
Z0 boson mass up to ∼40% in the TC model and up to
∼60% in the SSM. In the absence of BSM effects, this
ratio effectively measures the dependence of higher order
corrections on the partonic center-of-mass energy. Between
2 and 4 TeV this ratio is fairly flat but then quickly grows,
surpassing 60% at 8 TeV. As expected, the K factors in the
TFHM closely follow those of the SM.





and eventually almost all drop below one for
mZ0 ¼ 3 TeV. It would be interesting to see whether the
higher order corrections for larger Z0 masses follow a
similar pattern.
Higher order corrections are often included in exper-
imental searches in terms of a constant K factor. While this
is more or less well justified for a range of Z0 masses
between 2 and 5 TeV, the corrections more than double
when this range is extended to 2–8 TeV. It may thus be
desirable to abandon this crude approximation in high
luminosity or high energy searches where we expect the
reach to extend considerably.
D. Impact of nonresonant contributions
A new feature of our calculation is that we include
nonresonant contributions with t-channel W, W0 and Z0
exchange. We study their impact here.
In Fig. 7 we show the ratio of predictions for cross
sections for EW tt̄ production in the SSM obtained using
our new version of PBZP over the old one of Ref. [23]. The
left panel shows this ratio as a function of mZ0 ¼ mW0 at
ffiffiffi
S
p ¼ 14 TeV, the right panel as a function of ffiffiffiSp at
mZ0 ¼ mW0 ¼ 3 TeV. The cross sections have been calcu-
lated with an invariant mass cut mtt̄ ≥ 0.75mZ0 and with
(red lines) and without (blue lines) (pseudo)fiducial cuts, at
NLOþ PS (solid lines) and LOþ PS (dashed lines).
The ratio of our predictions at
ffiffiffi
S
p ¼ 14 TeV is roughly
between 1.2 and 1.5 when (pseudo)fiducial cuts are not con-
sidered. The reason behind it is the new nonresonant con-
tribution, due to the SM t-channel process qq̄0 → W → tt̄,
FIG. 6. Fiducial cross sections for EW tt̄ production in the SM,
SSM, TC and TFHM with an invariant mass cut mtt̄ ≥ 0.75mZ0
and our event selection cuts at NLOþ PS (upper panels), and as
ratio to LOþ PS (lower panels). In the SSM mW0 ¼ mZ0 . The
bands represent perturbative uncertainty due to seven-point




14 TeV as a function ofmZ0 . Right panel: cross sections atmZ0 ¼





12Note that this does not include the QCD contribution.
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not falling off with the invariant mass as fast as the resonant
one. This behaviorwas alreadyobserved inTable I,where this
process contributes less than the resonant Z0 production after
the invariant mass cut but is still roughly of the same order of
magnitude. In this respect the qq̄0 → W → tt̄ t-channel
process behaves similarly to the γgþ gγ → tt̄ process, which
was already included in our old calculation. The situation
worsens as the center-of-mass energy is increased, the value
of the ratio reaching almost 5 at
ffiffiffi
S
p ¼ 100 TeV.
Once the (pseudo)fiducial cuts are switched on, the new
contributions are reduced considerably and the ratio of the
“new/old” predictions drops down to roughly between 1.0
and 1.05 across the whole mass range at
ffiffiffi
S
p ¼ 14 TeV and





mass mZ0 ¼ mW0 ¼ 3. This is simply because the bulk of
the high invariant mass cross section for the qq̄0 → W → tt̄
process lives in the forward region. In this respect the
qq̄0 → W → tt̄ process is quite dissimilar to the γgþ gγ →
tt̄ process.
QCD corrections do not change this picture appreciably,
but we note that the corrections to this ratio can be
considerable at high center-of-mass energies, over 50%.
Our new calculation thus confirms our previous predictions
for the SSM at
ffiffiffi
S
p ¼ 14 TeV, while at the same time it
offers a much more sophisticated description of the inter-
play of various contributions that enter electroweak top-pair
production. This interplay may become very important for
Z0s with weaker couplings and will certainly become
important at higher collider energies.
E. Signal-background interference
Interferences between the BSM signal and the SM
background are routinely neglected even in the most recent
experimental searches. The argument is that interferences
mostly affect the shapes of resonance bumps, which
“bump-hunting” is largely insensitive to. Consequently,
experimental analyses work with the SM only and the
SMþ BSM hypotheses, where the latter is a “naïve” sum
of the signal and the background.
While interference effects are expected to integrate out in
total cross sections, they may no longer be negligible once
invariant mass and (pseudo)fiducial cuts are considered. In
this section we explore interference effects by studying
ratios of the fiducial cross sections for EW tt̄ production
obtained either using the full process pp → γ, Z, Z0, W0 →
tt̄ or by summing the SM background process pp → γ,
Z → tt̄ and the SSM signal pp → Z0,W0 → tt̄. Both sets of
predictions will include all the contributions to the EW top-
pair production considered in our new calculation with one
exception: those obtained by summing the SM background
and the BSM signal will not include any of the interference
terms fγ; Z;Wg × fZ0;W0g.
This ratio of the cross sections with the interference
terms over the ones without them is shown in Fig. 8 as a





right. As in the previous section, the predictions with the
invariant mass cut are shown in blue, the predictions with
both the invariant mass and the (pseudo)fiducial cuts in red;
the NLOþ PS predictions are plotted with solid lines,
while LOþ PS are the ones with dashed lines. We find that
the interference reduces the cross section at
ffiffiffi
S
p ¼ 14 TeV
and has a relatively steep profile versus mZ0 at LO: a few
percent for the light Z0s to well over 20% for the heavy
ones. The size of the interference effects seem rather flat as
FIG. 7. The ratio of cross sections for EW tt̄ production in the
SSM in the new calculation, including t-channel W and W0
exchange contributions, over the old calculation, without these
contributions, at NLOþ PS (solid lines) and LOþ PS (dashed
lines). The cross sections have been calculated with an invariant
mass cut mtt̄ ≥ 0.75mZ0 and with (red lines) and without (blue
lines) (pseudo)fiducial cuts. Left panel: cross section ratio atffiffiffi
S
p ¼ 14 TeV as a function of mZ0 ¼ mW0 . Right panel: cross











for fixed mZ0 ¼ mW0 ¼ 3 TeV in com-
parison. We also observe that the interference effects tend
to be pronounced by the (pseudo)fiducial cuts, while the
higher order corrections rather stabilize them.
Note that these conclusions may not generalize, as we
expect the interference effects to strongly depend on the
BSM scenario and on the position of the invariant mass cut.
In view of their potentially large size, however, we advocate
they be considered in experimental searches.
VI. SUMMARY AND CONCLUSIONS
We extended and improved upon our previous calcu-
lation of electroweak top-quark pair hadroproduction in
extensions of the Standard Model with extra heavy neutral
and charged spin-1 resonances. In particular, we now allow
for flavor-non-diagonal Z0 couplings in order to accom-
modate a wider class of heavy resonance models including
models which have been brought forward to explain the
anomalies in B decays. We now also take into account
nonresonant production in the SM and beyond, including
the contributions with t-channel W, W0 and Z0 bosons.
Compared to our previous work, the entire chain of tools
used for the calculation changed; all amplitudes are now
generated using the RECOLA2 package. Our calculation is
one of the first to use RECOLA2 for a BSM calculation. As in
our previous work, we included NLO QCD corrections and
consistently matched them to parton showers with the
POWHEG method fully taking into account the interfer-
ence effects between SM and new physics amplitudes. This
study paves the way for a similar upcoming calculation for
the tb̄ final state.
As a first application, we presented numerical results for
tt̄ cross sections at hadron colliders with a center-of-mass
energy up to 100 TeV for three models, the sequential
Standard Model, the topcolor model, as well as the third
family hypercharge model leaving a more detailed analysis
including comparisons with LHC data for a future study.
We discussed the effect of cuts on the signal over back-
ground ratio and present K factors which turned out to
increase considerably as a function of the heavy resonance
mass. The impact of the new contributions was shown to be
modest at 14 TeV if suitable cuts are applied. However, they
are expected to become sizable at a future circular collider
operated at 100 TeV. At such energies it would be
interesting to compare our predictions with results obtained
in a 6-flavor number scheme including parton densities for
the top quark and the weak bosons of the Standard Model.
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(dashed). The cross sections have been calculated with an
invariant mass cut mtt̄ ≥ 0.75mZ0 and with (red line) and without
(blue line) (pseudo)fiducial cuts. Left panel: cross section ratio atffiffiffi
S
p ¼ 14 TeV as a function of mZ0 ¼ mW0 . Right panel: cross
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